Abstract. Large granular lymphocytes, mediators of NK activity, bind to other cells using both the LFA (lymphocyte function-associated)-1-ICAM and the CD2-LFA-3 adhesion pathways . Here we have studied the motility and ultrastructure of large granule lymphocyte (LGL) on lipid bilayers containing purified LFA-1, ICAM-1, and the transmembrane and glycophosphatidylinositol isoforms of LFA-3.
membrane to lipid bilayer was virtually constant for all four ligands. Activation of the LGLs with a combination of CD2 mAb T11 2 and T11 3 (T112/3 mAb) reduced the movement on ICAM-1 and virtually immobilized the cells on the other bilayers . In the presence of T11 2/3 rnAb, the area of cell membrane attaching to bilayers containing ICAM-1 and GPI-LFA-3 was decreased and the percentage of plasma membrane facing other cells was increased. No preferential orientation of the Golgi apparatus or degranulation was detected in the absence or presence of T112/3 mAb, but a significantly lower percentage of LGLs on ICAM-1 contained a profile of the Golgi apparatus after exposure to T112/3 mAb. The results demonstrate that the motility of LGLs depends on the type of receptor in the opposing bilayer, the receptor mobility in the bilayer, and the activation of the cells. The ultrastructure of LGLs binding to any of the adhesion molecules does not have the characteristics of LGLs in cytolytic contact with target cells, suggesting that the mediation of an attack on a target requires more complex stimulus than any one of the single adhesion proteins tested here. mediators of natural killer (NK) activity, are a subpopulation of lymphocytes that may serve as a first line of defense against tumor cells and virus-infected cells (41) .
LGLs in contact with target cells undergo characteristic ultrastructural changes (6, 17, 31, 46) . In early phases of contact, the LGL membrane forms prominent interdigitations with the target cell membrane . Subsequently, this develops into a wide contact area, where the cell membranes are closely opposed at the periphery like a gasket and more widely separated to form a pocket in the center. The cytoskeleton and the Golgi apparatus, centrioles, and granules reorient toward the contact area and granules discharge into the pocket. In addition to their cytolytic ability, LGLs are highly motile as 861 has been shown in vitro and in vivo (5, 34, see 41) . Both motility and cytolytic interactions are dependent in part on adhesion molecules in the plasma membrane of the LGL and the cell to which it attaches .
LGLs express the constituents of two important adhesion pathways . One of them involves an interaction between leukocyte-integrin lymphocyte function-associated molecule-1 (LFA-1, CDlla/CD18) and intercellular adhesion molecules (ICAM) and the other between CD2 and LFA 3. Of the three different leukocyte-integrins, all LGL express LEA-1 (CD1la) and a fraction of the cells additionally expresses Mac-1 (CDllb) and p150/95 (CDllc) (28, 40) . Both LFA-1 and Mac-1 bind to ICAM-1 (9, 29) ; LFA-1 interacts with another ligand, ICAM-2 (37) , and also with additional unidentified ligands (8) . CD2, the receptor for the other adhesion pathway is expressed on most LGL (28, 41) . It is a signal transducing glycoprotein that significantly enhances immune responses (36) . Both the LFA-1-ICAM-1 interaction and the CD2-LFA3 pathways are involved in LGL adherence to tumor cells (28) and certain mAb against CD2 induce increased NK activity against resistant target cells (4, 30, 33) . Immunomodulators, such as IL-2, increase the expression of LEA-1, CD2, and ICAM-1 on LGLs (28) . In vitro, IL-2 enhances LGL adherence to tumor cells and endothelial cells (2, 3) , and in vivo leads to increased LGL extravasation (24) . The receptors and counter-receptors that LGLs use during extravasation and migration to tissues have not been characterized .
In contrast to the expression of LFAI, which is limited to leukocytes and CD2, which is limited to LGLs and T cells, their counter-receptors, i .e., ICAMs and LFA-3, respectively, are expressed on both hematopoietic and nonhematopoietic cells.
LGLs express low amounts of ICAM-1, ICAM-2, and LFA-3, but are likely to express higher levels of yet unidentified ICAM(s) (8, 28) . ICAM-1 and LFA-3 are present on endothelial cells and the expression of ICAM-1 on several cell types is increased by mediators secreted during inflammation, such as IL-1, TNFa and IFNy (12) . Thus, the receptors are of potential importance during margination and extravasation of lymphocytes. ICAM-1 is a transmembrane protein whereas LFA3 exists in two different isoforms (36) . The transmembrane isoform of LFA-3 (TM-LFA-3) contains a hydrophobic membrane-spanning region and a 12 amino acid cytoplasmic domain while glycophosphatidylinositol-linked LFA-3 (GPI-LFA3) is anchored in the outer leaflet of the plasma membrane (14, 32, 45) . The functional significance of the two isoforms is not known but both forms are fully able to mediate CD2-dependent adhesion (18) .
LFA-1, ICAM-1, and both isoforms of LFA-3 can be immunoaffinity purified from cellular lysates . The molecules can be incorporated into liposomes, which, on glass coverslips form planar lipid bilayers . The bilayers, reconstituted with adhesion molecules at physiological site densities, promote lymphocyte adherence (10) . This model system permits the study of receptor-counter-receptor interactions of each adhesion pathway separately. Cells do not attach to planar bilayers that do not contain adhesion proteins . Thus, adhesion of cells to bilayers with incorporated adhesion proteins must be mediated solely by these proteins (16) . On the other hand, adhesion molecules attached to solid supports to which cells can also adhere independently do not represent pure systems .
Planar lipid bilayers offer a second advantage over other
The Journal of Cell Biology, Volume 115, 1991 types of solid supports, the possibility of lateral diffusion of incorporated molecules . Lateral diffusion of phospholipid analogues in glass supported planar bilayers above the transition temperature of the bilayer is rapid and similar to diffusion rates of phospholipids in biological membranes (26) . However, transmembrane proteins are immobile in planar bilayers (26) . Therefore, glycolipid-anchored adhesion proteins should diffuse freely in the supported bilayers like untethered transmembrane or glycolipid anchored proteins in natural membranes. On the other hand, transmembrane adhesion proteins in the planar membranes should be immobile .
In this study we have investigated how the adhesion receptor-ligand pairs support LGL locomotion . ICAM-1, LFA-1, and two forms of LFA3 were purified and incorporated into glass supported planar bilayers . The counter-receptors LFA1 and ICAM-1 allowed us to investigate the function of these molecules in a reciprocal manner . Membrane anchor isoforms of LFA-3 with identical CD2-binding sites but either transmembrane or glycolipid membrane anchors allowed us to investigate the influence of counter-receptor lateral diffusion on LGL movement . Since especially ICAM-1 and LFA-3 are present on target cell surfaces and these molecules are involved in the cytolytic events, we examined whether the morphology of cells binding to any of the reconstituted adhesion molecules would resemble LGL contacts with target cells . Finally, cells adherent to bilayers were activated with T112í3 mAb directed against CD2 to see how activation affected motility and whether the LGLs would orient and degranulate against the bilayers.
The results show that LGLs can adhere to bilayers reconstituted with ICAM-1, LFAI, or either form of LFA-3. Motility is dependent on the ligand in the bilayer and the state of activation of the cells . The ultrastructure of the LGLs adhering to membranes reconstituted with different adhesion molecules is similar. The LGLs do not flatten towards the bilayers either in the presence or absence of T112/3 mAb but increase their contact areas with other cells after T112í3 mAb treatment .
Materials and Methods

Cells
LGLs were enriched from platelet leukopheresis as described earlier (39) . Briefly, platelets were first washed out by repeated centrifugation of the cells in PBS/10 mM EDTA and aspiration of the platelet-rich supernatant until the supernatant was clear. After removal of the plastic and nylon-wool adherent cells LGLs were enriched by Percoll density gradient centrifugation . The fractions containing LGLs were further depleted of CD3+ cells by coating the cells with CD3-specific mAb OKT3 and absorbing out the antibody-bearing cells with magnetic beads (Dynal ; Robbins Scientific, Mountain View, CA) coated with F(ab)2 goat anti-mouse IgG and IgM (Tago Inc., Burlingame, CA) according to the manufacturer's instructions . The cell population in all experiments consisted of 85-95 % of cells with LGL morphology as judged by Giemsa-stained cytocentrifuge smears and >75% CD16+ cells by FACS® analysis .
Before the experiments the cell population was activated with rIL-2 (100 ng/ml) (Genetics Institute, Cambridge, MA) for 18 h at +37°C. During cell purification, rIL-2 activation, and motility experiments the cells were incubated in complete medium (RPMI 1640, supplemented with 10% FCS, 5 mM glutamine, and gentamycin) .
Preparation ofProtein-containing Lipid Bilayers LFA1 and ICAM-1 were immunoaffinity purified from lysates of the EBV transformed B-cell line JY. TM-LFA-3 was purified from a JYclone deficient in synthesis of GPI-anchored molecules and GPI-LFA-3 from human erythrocytes which only express the GPI-linked form of LFA-3 . The purification of these molecules in functionally active form and the preparation of liposomes containing adhesion proteins has been described previously (11, 13, 18) . Planar bilayers were formed from the liposome preparations on 12-mm glass coverslips (Bellco Glass Inc., Vineland, NJ) as described earlier (10) . Site densities of the reconstituted membranes were determined by radioimmunoassay (11) . In preliminary experiments, adhesion receptor densities in the planar membrane yielding optimal efficiency of LGL attachment for each purified counter-receptor were determined and used subsequently. All experiments were done under optimal binding conditions since a relatively high density of adhering cells was essential for adequate samples sizes in EM . Site densities of each ligand that promoted comparable LGL binding to the bilayer were used as follows : ICAM-1, 300 sites/,am ; LFA-1, 500 sites/,um; TM-LFA-3, 1,400 sites/wm ; and GPI-LFA-3, 750 sites/itm. No bound LGLs were detected on control lipid bilayers, which lacked adhesion proteins. Previously we have shown that lymphocytes do not adhere to planar membranes containing glycophorin (13, 25) and that mAb to relevant epitopes of LFA-3, ICAM-1, and LFA-1 block adhesion of lymphocytes to planar bilayers bearing the respective purified ligands (11, 13, 25) .
Attachment ofLGLs to Reconstituted Bilayers
LGLs (0.2 x 106) were plated on planar bilayers on coverslips in the wells of 24-well tissue culture plates. After an attachment period of 20 min at 37°C the plate containing coverslips was placed in Pyrex 190 x 100 crystallizing dishes filled with medium. The coverslips were inverted to remove unbound cells and placed on glass slides . Silicone grease sealed a fluid chamber between the coverslip and the slide. During the mounting procedure the coverslips were kept submerged in medium to prevent the exposure of the bilayers to air.
A combination of two CD2 specific mAbs, T112 and T113 (27) , was used to activate LGL through CD2 . Both mAbs were added to the adherent cells in a 1:500 dilution of ascites . After 5 min of incubation with the mAb the cells were examined microscopically.
Recordings and Data Analysis
The motility of LGLs isolated from five different donors was measured with a Leitz Orthoplan microscope equipped with a 25x interference contrast objective . During the observation period the coverslips were kept at 37°C with an air stream stage incubator (model ASI 400 ; Nicholson Precision Instruments, Bethesda, MD) . Cell motility was recorded for 8 min using a time-lapse video imaging system consisting of Nuvicon camera (Dage MTI Inc ., Wabash, MI) and Sony TVO 9000 tape recorder. Fields containing 10-20 cells were selected for recording . The individual cell paths were traced from the recordings on clear plastic placed on the monitor screen . The length of the movement of individual cells was measured using a digitizing tablet (The Morphometer, Woods Hole Educational Associates) attached to an IBM PS2 . All recorded cells (n > 10/condition) including nonmotile cells were measured and averaged . Since different numbers of cells were measured in different experiments the data were combined as an arithmetic average of all cells measured. The precision of the mean motility dependent both on the number of cells averaged and on the variability from cell to cell, which varied considerably for different experiments . Thus, the sample size divided by sample variance was used as a weight for the experiment mean in comparative analyses .
Electron Microscopy
Cells on marked coverslips, prepared as described above, were allowed to adhere for 40 min at 37°C and were fixed in the culture medium with an equal volume of mixed aldehydes consisting of 1 % glutaraldehyde and 3 % formaldehyde in 0.1 M cacodylate, pH 7.4 . Cells were washed twice in acetate veronal buffer containing 7% sucrose, post-fixed in 1% OsO4 in veronal for 30 min, washed twice again, stained in block with uranyl acetate in veronal, washed twice more, and dehydrated in ethanol and propylene oxide. All fixation, staining, and washings were performed at room temperature. After an overnight infiltration at 4°C in a 1 :1 mixture of resin and propylene oxide, the cells were embedded in pure resin by placing the coverslips on the edges of the wells of flat silicon molds so that the plastic cured beneath the coverslip. The coverslip was separated from resin by plunging into liquid N2 . The resin was then cut into pieces that were re-embedded with two pieces facing one another so that the sectioning plane passed through both pieces perpendicular to the plane of the coverslip. Sections Carpén et al .
LGL Motility and Ultrastructure on Adhesion Molecules with silver grey interference colors, 50-nm thick, were cut with Swiss Diatome knives on LKB ultramicrotomes, picked up on naked 300 mesh copper grids, stained with uranyl acetate and lead citrate, carbon coated, and examined with a JEOL 1000/ASID electron microscope.
Stereology
All cells found on the bilayers were photographed at primary magnifications between 6,000 and 8,300x and printed with an enlarger magnification of 2x . Most cells were completely contained within the micrographs . Three sets of measurements were performed . First, the degree of apposition of the plasma membrane to the artificial bilayer was measured with a digitizer to estimate the degree of flattening against the artificial bilayer. The ends of the region of the plasma membrane attached to the substrate were marked and the length of both the plasma membrane in the attached region and the underlying bilayer were measured . In cases where the bilayer could not be seen its position was estimated to be a straight or curvilinear line that touched the tips of the plasma membrane at their greatest extensions . The ratio of these measurements was then calculated for each micrograph .
The second set of measurements was originally designed to measure cell orientation toward the bilayer. However, the orienting structure, the Golgi apparatus, was seen in too few cells to establish statistical significance so the data were analyzed for the presence of Golgi profiles in the cells. Each cell in each micrograph was scored for the presence or absence of the Golgi apparatus.
The third set of measurements was designed to measure the percentage of adherent cell plasma membrane that faced either the artificial bilayer, other cells, or the culture medium . Each micrograph was overlaid with a Mertz grid with a point spacing of 2 .2 cm and a line length of 3.45 cm/point . The line intercepts with the plasma membrane were scored as substrate if the intercepts occurred on membrane that faced the bilayer, as other cells if the intercept occurred on membrane that faced another cell, or medium if the intercept occurred on membrane that faced the culture medium . The data for each micrograph was expressed as a percentage of the total number of line intercepts with the plasma membrane.
The mean responses under differential conditions were compared by analysis of variance, using Fisher's protected least significant difference test to control for multiple comparisons . Since the precision of the sample mean motility varied substantially across experiments, weighted analysis of variance was used . The percentages of cells showing Golgi profiles were compared across cells by chi-square tests .
Results
LGL Adhesion to Planar Bilayers Reconstituted with Adhesion Receptors
The relative efficacy of LGL binding to different adhesion receptors in planar bilayers was assessed qualitatively. Greater numbers of LGL attached to LFA-1 bearing planar bilayers than attached to ICAM-1 or either form of LFA-3 . Treatment of LGL with a combination of mAb to the T11 2 and T11 3 epitopes of CD2 resulted in an increase in LGL adhesion to ICAM-1, GPI-LFA-3, and TM-LFA-3 bilayers and also led to an increase in cell-cell interaction . No attachment of LGL occurred to planar bilayers lacking adhesion receptors .
Motility of LGLs on Various Adhesion Molecules
The majority of the LGLs moved on lipid bilayers reconstituted with ICAM-1, LFA-1, and TM-LFA-3 whereas most ofthe cells were non-motile on GPI-LFA-3 (Fig. 1) . The cells moved randomly on the bilayers and frequently changed direction during the eight minutes of recording . The motile cells moved at a constant rate but stationary cells remained immobile during the observation period . The motile cells had the polarized morphology typical of other motile cell types with leading edges and uropods . However, the cells attached to GPI-LFA-3 were rounder than the cells leading edges and uropods . However, the cells attached to GPI-LFA-3 LGLs were allowed to attach to glass supported lipid bilayers reconstituted with various adhesion molecules . Before recording, a combination of T11 2 and T113 mAb ascites (1 :500) was added to cells in the right panels . Each lineand number represents the path of an individual cell traced from the monitor screen after a time-lapse video recording. o, a stationary cell . 
, the cells changed direction or the movement was halted . Occasionally neighboring cells conjugated with each other, moved as a pair for a short distance and usually dissociated .
LGLs moved at different rates on the reciprocal molecules of the LFA 1-ICAM-1 adhesion pair. The average rate of migration was over 17 times higher on ICAM-1 than on LFA1 (8.23 gm/min vs . 0.48 Am/min) ( Table I) . Rates up to 30 Am/ min were measured on ICAM-1 .
LGL moved at different rates on the lipid bilayers reconstituted with the two different forms of LFA3. Lipid bilayers containing TM-LFA3 supported motility almost as well as ICAM-1, the average being 7.31 Am/min . On the other hand, only few cells showed significant movement on GPI-LFA-3 (average rate 1 .75 Am/min) and in one out of four experiments no motile cells were detected . Thus, the ligands fell into two groups, a high motility group, ICAM-1 and TM-LFA-3, with an average rate of N8 Am/min and a low motility group. LFA1 and GPI-LFA3 (<2 pm/min) . The difference in the motility induced by a given ligand was statistically significant (p < 0.05) when compared with the two ligands in the other group but not when compared with the other ligand in its own group.
The Effect of 7112 and Tll3 n Ab on LGL Motility
To test how triggering of cells through CD2 would alter the motility of LGLs, the T11 2/3 mAb combination was added to LGL adherent on lipid bilayers. Treatment of the cells with T11 2~3 mAb slowed the cells on bilayers reconstituted with ICAM-1 and virtually immobilized the cells on the other bilayers (Table I ) . The decrease in motility promoted by CD2 activation was statistically significant for each ligand except LFA-1 ( Table I ) . The magnitude of the decreased motility was greatest for both isoforms of LFA3, -95 %, and was 62% for ICAM-1, and 69% for LFA1 . Comparison of the combined values with T112 í3 mAb to the values without T112/3 mAb showed that the effect of CD2 activation on motility was highly significant, p = 0.0002 .
Ultrastructure of Cells on Lipid Bilayers
The cells adherent to artificial bilayers containing any of the four adhesion molecules had ultrastructural characteristics of LGLs, such as low nucleocytoplasmic ratio and osmí-ophilic cytoplasmic granules. There was no pattern of preferential orientation of the granules, Golgi apparatus, or centrioles regardless of the ligand in the bilayer. Degranula- LGL adhering to artificial bilayers containing ICAM-1 . In A, the cell is apparently motile with a classic leading edge to the right and the trailing edge to the left . Note the cell is not flat on the bilayer (bottom) which is because of warping during reembedding and that the bilayer itself is poorly visualized . In B, the cells were treated with T112/3 mAb. The bilayer is to the right and is indicated with dotted line and the adherent cell (NKI) is attached across a small area . The adherent cell faces a second cell (NK2) that is not adherent to the bilayer. The pocket (p) between the two cells contains membrane vesicles typical of LGL exocytosis (31) . NK2 appears damaged since the mitochondria (m) are disrupted whereas those of NKl are intact . Bars, 1 Am .
tion against the bilayer was also not observed . Some cells appeared to be motile with the classic filamentous ruffed edge on one side of the cell and nucleus and organelles on the other (Fig . 2 A) . This was observed particularly in cells on Carpdn ligand varied within each experiment as much as the structure of cells adhering to different ligands. This is illustrated in Fig. 3 in which all three micrographs are taken from a single plating of LGLs on a bilayer containing GPI-LFA-3. The plasma membrane of the cells contacted the bilayer in a few small areas (Fig . 3 A) or in larger areas ( Fig . 3 B) ; rarely, the plasma membrane was opposed to the bilayer across most of the cell-bilayer interface (Fig. 3 C) . These patterns of contact were similar with all four ligands. None of the ligands induced the formation of the characteristic contacts Figure 3 . Three LGL profiles from a culture on a bilayer containing GPI-LFA3. In each micrograph the bilayer is marked by arrows. Note that the plasma membrane contacts the bilayer at a few points in A, more extensively in B, and along most of the length of the interface in C. These micrographs are near the magnification for which the measurements in Table III that
LGLs form against target cells or produced flattening of all of the adherent cells. High magnification (>80,000x) examination of the structural relationship between the cell membranes and the bilayers was difficult to perform because the artificial bilayers often did not pick up osmium underneath the cell . However, the outer leaflet of theplasma membrane of the cell was separated by -20 nm from the artificial bilayer at the closest point of apposition for all conditions examined (Fig . 4) . T112/3 mAb caused the LGLs on the bilayer to adhere to other cells, most often on their surface away from the bilayer. This was particularly notable with ICAM-1 (Fig . 2 B) . The adherent cells often oriented toward one another and degranulated into the space between the cells.
LGLs adhering to ICAM-1 and activated with T112/á mAb were less spread on the bilayer than unactivated cells and appeared to lift off.
Electron Microscopy Measurements
Three sets of measurements were made on the electron micrographs taken from the two different experiments. First, the degree of apposition of the plasma membrane to the lipid bilayer was determined by measuring with a digitizer the ratio of the length of the plasma membrane facing the bilayer to the length of the bilayer beneath the cell . The ratio would be 1 for cells that were completely flat against the bilayer and would increase in value for cells attached by punctate sites with folds in between the attachment sites. The means -h/-SD of the measurements are shown in Table II . The weighted grand mean of all measurements was 1.20 and a pooled SD of 0.20. In the second experiment, the ratio for the cells on TM-LFA3 treated with T112/3 mAb was significantly different from all the other values (1 .74, p < 0.01) . This result was not obtained in the first experiment, however. The data, exclusive of the exceptional value, suggest that there is a constant ratio of plasma membrane to underlying bilayer for all ligands and that this ratio is not altered by treatment with T11 2/á mAb. Further, it shows that no ligand is inducing closer apposition of the cell to the bilayer, such as that shown in Fig. 3 C, than another ligand .
In the second set of measurements, micrographs were evaluated for the presence of Golgi profiles within the cells. Because there were no differences between the two experiments the data from both were pooled (Table III) . On bilayers containing ICAM-1, the addition of 1112 mAb caused a drop in the percentage of the cells with a Golgi profile from 53% (16/30) to 22% (4/18), p < 0.05. Addition of T112r3 mAb to cells on bilayers containing the other three ligands produced no significant changes. These results suggest that T112/3 mAb alters the Golgi apparatus in cells on ICAM-1 containing bilayers .
The third set of measurements determined the relative surface area of the plasma membrane that faced either the bilayer or other cells with the data expressed as a percentage of the total area of the plasma membrane (Table IV) . The mean percentage of the plasma membrane facing the bilayer was 32 % for ICAM-1, 27 % for GPI-LFA-3, 23 % for LFA-1, and 20% for TM-LFA-3. The differences between ICAM-1 and both LFA-1 and TM-LFA-3 were statistically significant, p < 0.05, as were the differences between GPI-LFA3 and TM-LFA-3 . There was no correlation with the motility data above. The high motility group ligands ICAM-1 and TM-LFA-3 were at opposite ends of the range of measurements .
For bilayers containing either ICAM-1 or GPI-LFA-3, T112/3 mAb produced a decrease in the relative surface area facing the bilayer, p < 0.05 andp < 0.01, respectively. T112/á mAb produced no change in the relative surface area facing the bilayer in cells on TM-LFA-3 or LFA-1 containing bilayers . Thus, T112/á mAb causes a decrease in the relative area of the cell membrane in the contact with bilayers containing ICAM-1 or GPI-LFA-3 but little change in this parameter in cells on the other two ligands.
In the absence of T11 2/3 mAb, a small percentage of the plasma membrane faced other cells with no statistical differences between the ligand types. For cells on bilayers containing either form of LFA-3 or ICAM-1, T112/á mAb caused an increase in the relative area of the plasma membrane oriented toward other cells which was statistically significant for ICAM-1 and GPI-LFA-3 (p < 0.05) . Cells on bilayers containing LFA-1 had a decrease in the relative surface area facing other cells after the addition of T112/3 mAb, even though these cells had higher values in the absence of T112 /3 mAb than cells on bilayers containing the other three ligands. This change, however, was not significant nor was the increase in surface area facing other cells measured on TM-LFA-3 bilayers . Thus, after exposure to T112/3 mAb Table III .
Presence of the Golgi Apparatus in LGLs on Artificial Lipid Membranes
Combining the data from the two experiments and analyzing by XZ tests only the shift in values for ICAM-1 after the addition of T l 1 mAb is significant (p < 0 .05) . However, if the data for both forms of LFA-3 is compared to ICAM-1 in the absence of TI I mAb, there is also a significant difference, p < 0.05 . (9) TM-LFA-3 -1 .20 f 0 .10 (6) 1 .13 f 0 .06 (6) + 1 .22 t 0 .22 (7) 1 .74* ± 0 .78 (9) GPI-LFA-3 -1 .31 t 0 .23 (8) 1 .12 t 0 .08 (9) + 1 .26 t 0.29 (7) Each number represents the mean f SE with the number of micrographs that were counted given in parenthesis . The values for substrate or cells for individual micrographs were treated as replicates . The effect of TI l mAb on cells adherent to various ligands were assessed using analysis of variance where the experimental unit was a micrograph and the micrographs from the experiments were pooled .
cells on ICAM-1 and GPI-LFA-3 increased the area of plasma membrane in contact with other cells whereas the changes with the other two ligands were not significant .
Discussion
This study shows that LGLs move at a rate of ti8 Am/min on lipid bilayers containing either ICAM-1 or TM-LFA-3 . They move poorly (<2 Am/min) on bilayers containing LFA-1 or GPI-LFA-3 . Ultrastructurally the cells adhere similarly to bilayers containing the four ligands with a constant ratio of the plasma membrane to bilayer of 1.2 in the attachment site. Activation of the cells through perturbation of CD2 with T11 2í3 mAb reduces cell motility on all ligands.
LGLs on bilayers containing ICAM-1 or GPI-LFA-3 decrease their relative surface area in contact with other cells .
LGLs on any of the bilayers, whether treated with T112í3 mAb or not, do not degranulate against the bilayer or form contacts with the bilayers similar to those seen between LGLs and cytolytic targets.
LGLs express all three forms of leukocyte integrins, however, only LFA-1 has been shown to significantly contribute to adhesion to other cells (41) . Thus, the binding of LGLs to ICAM-1 on lipid bilayer probably is primarily mediated by LFA-1 . The binding to TM-LFA-3 occurs through CD2 . The fact that both LFA-1 and CD2 generate considerable movement is of special interest since the receptors are biochemically and evolutionally different. Leukocyte-integrin molecules belong to the integrin superfamily of surface receptors (19) whereas CD2 as well as LFA-3 and ICAM-1 belong to Ig-superfamily (44) . Moreover, the avidity of LFA-1 can be upregulated by stimuli, such as activation through the T cell receptor for antigen (TCR), CD2, or with PMA, whereas the avidity ofCD2 is not regulated on resting T lymphocytes (11, 43 ) . These findings demonstrate that receptors with different extracellular domain organization and avidity regulation can serve a similar function . Other studies have shown that
LGLs can move using fibronectin receptors (34) and that lymphocytes that apparently account for the LGL population are motile on antibody complexes using Fc receptors (1) . Thus, at least four different membrane proteins have the ability to support motility of LGLs.
LGLs moved significantly slower on lipid membranes Carpdn et al . LGL Motility and Ultrastructure on Adhesion Molecules reconstituted with LFA-1 than on membranes reconstituted with its counter-receptor, ICAM-1 . This difference could arise from quantitative or qualitative differences in molecules on the cell surface and in the bilayer. Quantitative differences between the level of LFA-1 and ]CAMS on the surface of the LGL are difficult to assess since LGL may express additional ICAMs (8) . In fact, the presence ofhigh levels of other ICAMs on LGL is likely since ICAM-1 and ICAM-2 are expressed at relatively low levels on LGL (8), yet a large proportion ofthese cells adhere to planar bilayers with a moderate density of LFA-1 . Thus, the difference in the ability ofthese molecules to support locomotion is probably not explained by different receptor site densities on the cell surface. LFA-1 and ICAM-1 differ in avidity regulation and cytoskeletal associations which may affect their functioning in locomotion . ICAM-1 is constitutively in a high avidity state on both reconstituted membranes and cell surface. On the other hand, reconstituted LFA-1 is constitutively active in binding ICAMs whereas the avidity ofLFA-1 on cell membrane can be regulated (11, 43 ) . An avidity regulated occupation of cell surface LFA-1 receptors may benefit cell motility compared to cell surface ICAMs. Both LFA-1 and ICAM-1 are apparently linked to the cytoskeleton (20) , (Carpén, O., P Pallai, D. Staunton, and T. Springer, manuscript in preparation) . However, the subcellular distribution of LFA-1 in B cells is different from ICAM-1 suggesting a difference in the membrane protein-cytoskeleton linkage (Dustin M ., O. Carpén, and T. Springer, manuscript submitted for publication; Carpén, O., P Pallai, D. Staunton, and T. Springer, manuscript in preparation) . The membrane protein interactions with cytoskeleton that are crucial for locomotion are not well characterized, but they may account for the differences between LFA-1 and ICAM-1 .
LGLs moved on TM-LFA-3 at the higher rate than on GPI-LFA-3. These two isoforms have identical extracellular domains; differential splicing at the transmembrane-cytoplasmic domain junction signals reanchoring ofone isoform onto GPI (32, 45) . The LFA-3 isoforms were present in the membranes at site densities that provide similar levels of lymphocyte binding (Chang, P.-Y., M. Lawrence, M. Dustin, L. Ferguson, D. Golan, and T. Springer, manuscript submitted for publication) . The difference in cell motility on the two isoforms most likely reflects the membrane anchoring ofthe LGLs with the anti-CD2 mAb pair T112í3 reduced motility on all bilayers. Interaction with purified LFA-3 alone is not able to activate CD2-bearing cells (38) ; thus cells bound to LFA-3 also respond to T11213 mAb treatment . The results indicate that the rate of movement is strongly regulated by the state of activation of the cells . It is known that activation of T cells through CD2 (43) increases the avidity of LFA-1 and cell adhesion . However, there is no evidence CD2 and ICAMs undergo avidity regulation (11) . The universal effect of T11 213 mAb suggests alternative or additional mechanisms for regulating movement . Most probably the signallingbetween plasma membrane and the cytoskeleton or the cytoskeleton itself is affected by CD2 stimulation . Interestingly, triggering of B lymphoblasts with PMA does not decrease the ability of the cells to migrate on ICAM-1 (Dustin M ., O. Carpén, and T. Springer, manuscript submitted for publication), unlike the effect of T11 2/á mAb on LGLs .
Both quantitatively and qualitatively there was little variation in the ultrastructure of the cells adherent to the bilayers in the absence of T11 2,á mAb, despite the differences in motility described above . The ratio of plasma membrane in the contact site with the bilayer is nearly a constant 1 .2. The value suggests, that the adhesion process is highly regulated and involves limited regions of the plasma membrane . Features characteristic of interactions with target cells, such as long LGL membrane protrusions or wide contact areas with preferential polarization of cytoplasmic organelles and discharge of cytoplasmic material against the bilayer (6, 7, 21), were not seen . In light of the EM results it thus seems unlikely that receptor-ligand binding through any of the membrane proteins reconstituted on glass supported lipid bilayer mimics the events during cytolytic LGL/target cell contact . Apparently a combination of several adhesion ligands or other characteristics of a native membrane are required to induce a full cytolytic response.
There are differences between the artificial bilayer system used here and cytolytic contacts formed by LGLs . For example, T11 2,á mAb trigger CD2 on the entire cell surface whereas in LGL/target contact CD2 perturbation occurs at the site of adhesion . However, when NK cell clones adhering to resistant target cells were stimulated with T112/3 mAb, they showed cellular polarization indistinguishable fromthat described for LGLs in cytolytic contacts with target cells (31) . Further, the glass that supports bilayers does not deform like a cell membrane in response to the extension of LGL pseudopods and thus prevents interdigitation of mem-
The Journal of Cell Biology, Volume 115, 1991 brane surfaces . Such interdigitations are seen during early events of effector/target cell contacts and have been postulated to be important for later events leading to wide contact areas and redistribution of cellular organelles (6) .
After treatment of cells on ICAM-1 containing bilayers with T11 2 /3 mAb, there was a significant decrease in the percentage of cells containing a Golgi profile . This result can be interpreted in two ways. First, there could be a preferred orientation of the Golgi apparatus in a plane parallel to the plane of the bilayers . The plane of orientation then shifts after T11 2/3 mAb treatment . The decrease in profiles would occur because the cell and Golgi apparatus are anisotropic structures that are being cut non-randomly, i .e ., only orthogonal to the plane of adherence to the bilayer. Further, this interpretation would also correlate with the T112/3 mAb induced decrease in the percentage of the plasma membrane facing the bilayer. Second, the decrease in the Golgi profiles could indicate a decrease in the volume of the Golgi apparatus . The Golgi apparatus is known to alter its volume in response to drugs (22, 42) , during cell division (23) , and after vital infection (15) . Perhaps, T11 2/3 mAb can cause a similar alteration . In any case, these hypotheses must be tested experimentally.
Only recently, the possibility has been appreciated that leukocyte adhesion receptors may be involved in biological processes in ways other than providing adherence between cells . This study, along with other recent findings, demonstrates that the adhesion molecules can independently support functions, the specificity of which depends on the adhesion pathways used . The adhesive interactions formed between LFA-1-ICAM-1 and CD2TM-LFA-3 generate LGL locomotion and may thus be important in screening for potential target cells and in the process of extravasation and migration in tissues .
